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Abstract
The hydrolysis of olive oil catalyzed by Candida rugosa lipase in sodium bis(2-ethylhexyl)sulfosuccinate
(AOT)/isooctane and the synthetic sodium bis(2-ethylhexyl polyoxyethylene)sulfosuccinate (MAOT)/isooctane
reverse micellar systems was investigated in a polysulfone hollow fiber membrane reactor with recycle of the
reaction mixture. Lipase was completely retained by the membrane while olive oil and oleic acid freely passed
through. The retention of reverse micelles depended on W0 (molar ratio of water to surfactant). At an olive oil
concentration of 0.23 mol l−1 the final substrate conversion in the MAOT micellar system was about 1.4 times of
that in the AOT micellar system.
Introduction
Reverse micelles have been regarded as excellent
media for enzymatic reactions containing apolar
compounds (Hossain et al. 1999). Sodium bis(2-
ethylhexyl)sulfosuccinate (AOT) has been widely
used in the study of reverse micellar enzymology.
However, the activity and stability of enzymes in
the ionic AOT reverse micellar system are adversely
affected due to the strong electrostatic interactions
between enzymes and AOT (Han & Rhee 1986, Car-
valho et al. 1999). To overcome this drawback, several
researchers proposed the addition of a nonionic sur-
factant, such as polyoxyethylene sorbitan trioleate
(Tween85), to the AOT reverse micellar system which
has proved to be very effective in terms of the in-
creased enzyme activity and stability (Yamada et al.
1992, Hossain et al. 1999). The additives, how-
ever, could complicate the separation in downstream
processing. Enzymes in reverse micelles formed by
some nonionic surfactants have a high activity and
stability due to the weak interactions between en-
zyme and the nonionic surfactants (Ayala et al. 1992,
Vasudevan et al. 1995). Nevertheless, the addition
of some co-surfactants is still necessary for forma-
tion of the nonionic reverse micelles. Recently (Yao
et al. 1998), a new type of surfactant, sodium bis(2-
ethylhexyl polyoxyethylene)sulfosuccinate (MAOT),
which can be structurally viewed as a chemically mod-
ified AOT, was prepared in our laboratory. The only
difference to native AOT is the existence of the hy-
drophilic polyoxyethylene group between the head
group and the hydrophobic tails of AOT. The MAOT is
expected to combine the advantages of both nonionic
surfactants and AOT.
In addition to keeping high enzyme activity and
stability in reverse micelles, the use of a suitable enzy-
matic reactor is also of great importance for the com-
mercial development of reverse micellar enzymatic
processes. An ideal reactor configuration should be
able to retain substrates and the encapsulated enzymes
together with reverse micelles while let products pass
through. Membrane reactors have been regarded as
one of the most appropriate reactor configurations for
this purpose (Prazeres et al. 1993).
In the present work, the lipase-catalyzed hydroly-
sis of olive oil in the MAOT/isooctane micellar system
was investigated in a hollow fiber membrane reactor
and the results were compared with those obtained in




The lipase (glycerol-ester hydrolase, EC 3.1.1.3) from
Candida rugosa (Type VII, MW 33 000 Da) and
sodium bis(2-ethylhexyl)sulfosuccinate (AOT) were
purchased from Sigma. Olive oil with a saponifica-
tion value of 195 was from Beijing Chemical Reagent
Co., China. The sodium bis(2-ethylhexyl poly-
oxyethylene)sulfosuccinate (MAOT) was prepared in
our laboratory (Yao et al. 1998) and its structure was
confirmed as I.
Determination of lipase activity and stability
Lipase activity was assayed following the method of
Han & Rhee (1986). Lipase stability was obtained by
detecting the residual activity at different times of in-
cubation at 30 ◦C. One unit of enzyme was defined
as the amount of lipase that liberates 1 µmol fatty
acid/per min under the assay conditions.
Membrane module and experimental setup
The organic-solvent-resistant polysulfone hollow fiber
membrane module (cutoff MW 10 000 Da) consisted
of 450 small fibers, 0;15 m long × 1 m internal diam-
eter (Tianjin Institute of Technology, Tianjin, China).
The total internal permeation area of the membrane
module was around 0.21 m2.
The membrane reactor was operated in a batch
mode with recycle of the permeate stream (Figure 1).
The reaction mixture (400 ml) was recirculated from
a thermostated vessel into the membrane reactor by
means of a peristaltic pump at 40 ml min−1. The whole
system was maintained at 30 ◦C. The hydrolysis reac-
tion was followed by quantifying the free fatty acids
through alkalimetric titration with NaOH.
Fig. 1. Schematic diagram of the experimental apparatus. A –
peristaltic pump, B – hollow fiber membrane reactor, C – stirred
vessel.
Fig. 2. Effect of W0 (molar ratio of water to surfactant) on lipase ac-
tivity. Lipase 50 mg l−1, olive oil 0.069 mol l−1, pH 7, temperature
30 ◦C, surfactant 0.05 mol l−1. (o) sodium bis(2-ethylhexyl poly-
oxyethylene)sulfosuccinate (MAOT)/isooctane system; () sodium
bis(2-ethylhexyl)sulfosuccinate (AOT)/isooctane system.
Permeation experiments
Studies on permeation of the system constituents (li-
pase, olive oil, oleic acid, water and reverse micelles)
through the membrane were conducted at 30 ◦C by
recirculating the constituent-containing solutions at
40 ml min−1. Concentrate (CC ) and permeate (CP )
concentrations of a constituent at steady state were
detected and used to calculate the rejection coeffi-
cient (σ = 1 − CP /CC). Olive oil in isooctane
(0.5 mol m−1), oleic acid (0.1 mol l−1) or lipase
(50 mg l−1) in 0.05 mol AOT or MAOT l−1 isooctane
micellar solutions were used, respectively. The rejec-
tion of reverse micelles was examined by monitoring
the water content in the micellar solutions as analyzed
by the Karl–Fischer titration. Olive oil concentration
was determined spectrophotometrically following the
method of Chiang & Tsai (1992). Oleic acid was an-
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Fig. 3. Lipase stability as a function of time. Lipase
50 mg l−1, olive oil 0.069 mol l−1, W0 (molar ratio
of water to surfactant) 8, pH 7, temperature 30 ◦C.
surfactant 0.05 mol l−1. (◦) sodium bis(2-ethylhexyl poly-
oxyethylene)sulfosuccinate (MAOT)/isooctane system; ()
sodium bis(2-ethylhexyl)sulfosuccinate (AOT)/isooctane system.
(a) Relative activity. 100% values correspond to the actual activities
at initial time (0.56 mmol l−1 min−1 in MAOT/isooctane system
and 0.26 mmol l−1 min in AOT/isooctane system). (b) Plot of
ln(R − α) against time according to Equation (5) for determination
of deactivation rate constants.
alyzed by titration with NaOH. Lipase was detected
according to the method of Pires et al. (1993).
Results and discussion
Activity and stability of lipase in MAOT and AOT
micellar systems
The activity and stability of lipase in the MAOT and
AOT micellar systems are important information for
interpreting the experimental results in the membrane
reactor.
Figure 2 shows that in both MAOT and AOT mi-
cellar systems the activity of lipase showed a typical
bell-shaped dependence on W0 (molar ratio of water
to surfactant) and the optimum W0 values in the two
micellar systems were the same (W0 = 8.0). The max-
imum activity of lipase in the MAOT system, however,
was twice that in the AOT system.
Figure 3a shows that lipase in the AOT system lost
most of its activity rapidly within the first 5 h, while
ca half of the initial enzyme activity was kept in the
MAOT system. Thus, the stability of lipase was obvi-
ously improved in the MAOT system compared to the
AOT system. It is worth mentioning that the residual
activities of lipase in the two micellar systems were
almost the same after ca. 10 h. The increased stability
of lipase is further confirmed by comparison of the
deactivation rate constants in the two micellar systems.
Assuming that lipase follows the first-order deacti-
vation model (Sadana & Henley 1987):
E
kd−→ Ed. (1)
Here E and Ed represent active and partially deacti-
vated enzymes, respectively; kd is the deactivation rate
constant.
The concentrations of active [E] and partially
deactivated [Ed] enzymes can be expressed as
[E] = E0 exp(−kdt), (2)
[Ed ] = E0[1 − exp(−kdt)]. (3)
Here E0 represents the initial enzyme concentration
and t is time.
Assuming that the active and partially deactivated
enzymes have the same Michaelis constant (Km), the
relative activity (R) can be calculated as:
R = kcat[E] + αkcat[Ed]
kcatE0
=
α + (1 − α) exp(−kdt). (4)
Here kcat is the catalytic activity constant, α represents
the ratio of the specific enzyme activity of the final
state (Ed ) to the initial state (E).
For determination of the deactivation rate constant
(kd ), Equation (4) is transformed to the following
form:
ln(R − α) = ln(1 − α) − kdt. (5)
The plots of ln(R − α) against t (Figure 3b) show ex-
cellent linear correlations (r2 > 0.994), indicating that
the first-order deactivation model is applicable. The
calculated kd values in the MAOT and AOT micellar
systems are 0.30 h−1 and 0.77 h−1, respectively. The
former is only ca. 39% of the latter.
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The significantly increased initial activity and sta-
bility of enzyme in the MAOT micellar system might
be attributed to the decreased interactions between en-
zyme and MAOT molecules. As the polyoxyethylene
group (CH2CH2O)2) is hydrophilic, the size of the
hydrophilic head group of the MAOT molecules in-
creased, causing an increase in micellar size thus a
decrease in micellar interface charge density. This
implies that the electrostatic and hydrophobic inter-
actions between enzyme and MAOT molecules de-
creased. As a consequence, the lipase active site,
which is surrounded by hydrophobic groups, could be
oriented more easily as near to the substrate as possible
(Hossain et al. 1999). Thus, it seems that the poly-
oxyethylene group in the MAOT molecules showed
a similar effect to the use of Tween85 in the AOT
micellar system (Hossain et al. 1999).
Rejection of membrane to system constituents
The permeation experiments showed that lipase (MW
33 000 Da) was completely retained (σ = 100%) by
the membrane (cutoff MW 10 000 Da) while olive oil
could permeate through the membrane almost freely
(σ < 5%) in both AOT and MAOT micellar systems
(data not shown). Slight rejection of oleic acid in both
AOT and MAOT systems was observed but that in the
former was less affected by W0 while that in the latter
slightly changed with W0 (Figure 4). The rejection of
reverse micelles (represented by that of water) varied
with W0 and a maximum value occurred at W0 = 10
in both AOT and MAOT systems. It is noticed that
the rejection of water in the AOT system was higher
than that in the MAOT system. The findings in the
AOT micellar system were similar to those reported
by Prazeres et al. (1993) in an ultrafiltration ceramic
membrane module.
Prazeres et al. (1993) suggested that the mole-
cular interactions and chemical compatibility of the
permeating components with the membrane material
should be partially responsible for the separation of the
other species, probably together with some molecular
size exclusion effects in the case of micellar solutions.
Olive oil, the most apolar component, was practically
unaffected by the hydrophobic membrane that offered
little resistance to its passage. Oleic acid, the less ap-
olar component, was slightly retained. As oleic acid
may be dispersed in the micellar solution and merged
as co-surfactants in the surfactant shells of the micelles
(Prazeres et al. 1993), its rejection was slightly af-
fected by that of reverse micelles especially in the case
Fig. 4. Effect of W0 (molar ratio of water to surfactant) on
rejection of system constituents in different micellar systems.
Temperature 30 ◦C, pH 7, surfactant 0.05 mol l−1. (◦) Water
in sodium bis(2-ethylhexylpolyoxyethylene)sulfosuccinate
(MAOT)/isooctane system; () water in sodium
bis(2-ethylhexyl)sulfosuccinate (AOT)/isooctane system; () oleic
acid in MAOT/isooctane system; (♦) oleic acid in AOT/isooctane
system. The rejection (σ ) was defined as σ = 1 − Cp/Cc, where
CC and CP are the concentrate and permeate concentrations of a
constituent at steady state, respectively.
of MAOT system. This might show that more oleic
acid molecules merged as co-surfactants in the MAOT
micelles due to the existence of the polyoxyethylene
group.
Prazeres et al. (1993) described a lamellar-like
structure in the internal pore surface of the hydropho-
bic membrane to explain the transport of water and
micelles. The hydrophobic tails of surfactant mole-
cules became oriented towards the hydrophobic mi-
cropore wall surface, while the polar head groups
pointed towards solubilized water molecules, form-
ing a lamellar-like structure. The water was tightly
bound to the surfactant shell up to a W0 value of 4 and
micelles could be regarded as a rigid structure when
passing through the membrane channels. Raising the
W0 in this range increased the size of these rigid mi-
celles and led to higher rejection by the membrane due
to size effects. For W0 values higher than 4, free wa-
ter with high mobility appeared and micelles became
more flexible and vulnerable to shear forces. As this
type of micelles approached and made contact with the
membrane this led to the breakdown and deformation
of these micelles which were then more easily trans-
ported through the membrane micropores. In addition,
the increase in W0 would lead to a decrease in micel-
lar concentration and the consequent reduction of the
concentration boundary layer resistance, which might
be another cause for the increase in the permeability
of the membrane to bigger micelles (Prazeres et al.
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1993). The lower rejection of water in the MAOT mi-
cellar system might be caused by the larger polar head
groups and the increased hydrophilicity due to the ex-
istence of the polyoxyethylene group in MAOT mole-
cules, forming broader and more hydrophilic channels
for the passage of water.
The retention of the lipase and the almost com-
plete separation of oleic acid are the advantages of this
membrane module. Permeation of reverse micelles
and substrate might be drawbacks for a commercial
operation.
Time course of olive oil hydrolysis in the hollow fiber
membrane reactor
Figure 5 shows that within the first 10 h the substrate
conversion increased almost linearly with time in both
AOT and MAOT systems, which is in agreement with
the stability result that lipase showed higher activity
in the first 10 h (Figure 3a). After that, the lipase lost
most of its activity thus the reaction should slow down
if presuming from the results of Figure 3a. However,
Figure 5 shows that considerable increases in substrate
conversion continued until about 40 h in both AOT and
MAOT micellar systems. This phenomenon might be
interpreted in terms of the increased stability of lipase
due to its adsorption on the membrane surface. Praz-
eres et al. (1993) observed that the adsorption of lipase
on their membrane was as high as 64%. After 40 h,
the substrate conversion in the MAOT micellar system
increased slowly with time, while that in the OAT sys-
tem changed less. This might indicate that the lipase
adsorbed on the membrane surface has already lost
most of its activity and this situation became severer
in the AOT micellar system. Besides, as the prod-
uct stream was recycled to the reaction mixture the
product inhibition became severer at larger substrate
conversion, which should also be partially responsible
for the slowdown of the reaction. Furthermore, during
the reaction no water was added, so the continuous
consumption of water would lead to a considerable de-
viation of W0 from its initial value. This factor might
also contribute in part to the slowdown of the reac-
tion at larger substrate conversion. As expected, the
substrate conversion in the MAOT system was higher
than that in the AOT system especially at longer time.
For example, the substrate conversions respectively
reached 37% and 26% at 72 h, the former was about
1.4 times of the latter. The increased activity and sta-
bility of lipase in the MAOT micellar system should
Fig. 5. Time course of olive oil hydrolysis in the hollow fiber
membrane reactor. Lipase 50 mg l−1, olive oil 0.23 mol l−1,
W0 (molar ratio of water to surfactant) 8, pH 7, temperature
30 ◦C, surfactant 0.05 mol l−1. (◦) sodium bis(2-ethylhexyl poly-
oxyethylene)sulfosuccinate (MAOT)/isooctane system; () sodium
bis(2-ethylhexyl)sulfosuccinate (AOT)/isooctane system.
be responsible for the observed increase in the final
substrate conversion.
Conclusions
The hydrolysis of olive oil catalyzed by Candida
rugosa lipase in AOT/isooctane and chemically modi-
fied AOT (MAOT)/isooctane reverse micellar systems
was investigated in a hollow fiber membrane reactor.
The permeation experiments showed that lipase was
completely rejected by the membrane but olive oil
and oleic acid could pass through almost freely. The
rejection of reverse micelles varied with W0 and a
maximum rejection was observed at W0 = 10 in both
AOT and MAOT systems. At an olive oil concentra-
tion of 0.23 mol l−1, the final substrate conversion in
the MAOT micellar system was ca. 1.4 times of that
in the AOT micellar system. The increased substrate
conversion was attributed to the decreased electro-
static and hydrophobic interactions between enzyme
and MAOT molecules due to the existence of the
hydrophilic polyoxyethylene group.
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